This paper presents a finite element (FE) model to identify parameters that affect the performance of an improved cancellous bone screw fixation technique, and hence potentially improved fracture treatment. In cancellous bone of low apparent density it can be difficult to achieve adequate screw fixation and hence provide stable fracture fixation that enables bony healing. Data from predictive FE models indicate that cements can have significant potential to improve screw holding power in cancellous bone. These FE models are used to demonstrate the key parameters that determine pullout strength in a variety of screw, bone, and cement set-ups, and to compare the effectiveness of different configurations. The paper concludes that significant advantages, up to an order of magnitude, in screw pull-out strength in cancellous bone might be gained by the appropriate use of a currently-approved calcium phosphate cement.
Introduction
The increasingly variable nature of bone in an ageing patient population demands new approaches to ensure adequate fixation of medical devices that rely upon screws for their attachment to bone [1, 8] . This is because normal cancellous bone has a wide range of properties. The apparent density of human bone may range from that which is considered strong and healthy (approximately 0.45 g/cm 3 ) to that which is comparatively weak (approximately 0.15 g/cm 3 ) [23, 28, 36] . The term osteoporotic, widely used to describe weak bone that might have almost no mechanical strength, is often rather loosely defined.
However a precise definition of the terms osteopenic and osteoporotic as described by the WHO definition [46] is based on T-scores of the population. This references against the areal bone density of a healthy young individual in the population. Osteopenic is defined as having a T-score between -1 and -2.5 while osteoporotic bone has a T-score of less than -2.5.
The majority of implants used in the fixation of fractures and deformity corrections attach to the bone via various screw threads; such devices include bone plates, intramedullary nails and external fixators. While the basic bone structure is comprised of cancellous bone with an overlying cortical shell, it is the cancellous bone that frequently presents the main interface with the implant either due to the removal or compromised nature of the cortical shell during surgery. Hence cancellous bone acts as a major component of any loadbearing fixation. Where the load-carrying capacity of cancellous bone is inadequate, clinical failures may often occur, resulting in failure modes such as stripping on insertion, pullout, migration and loosening. These failure modes are typically reported in the range 3 to 5% [40] as a percentage of all failure. The authors estimate that approximately 100 million screws are implanted worldwide per year which suggests that screw fixation failure is a numerically significant problem. The work presented here critically assesses variables that influence enhanced cancellous bone screw fixation and specifically tests the hypothesis that clinically useful augmentation of cancellous bone can be achieved with relatively small volumes of cement by comparing the results from a range of FE models.
Review of literature:
When faced with the need to enhance cancellous bone screw fixation in low quality and/or compromised cancellous bone, the surgeon has a limited number of options. These are essentially to change the bone, to change the number of screws, to change the screw characteristic (e.g. length, radius, thread angle, etc.), or to change the interface between screw and bone. For example, it also appears feasible to change bone quality adjacent to Page 3 a screw post surgery, and improve pullout strength using an antiporotic drug, such as a bisphosphonate [4, 34] .
One method therefore involves creating a more effective mechanical connection. This can be achieved by selecting screws of different length (although changing the length of screw engaged can be impossible in certain clinical situations) and to a lesser extent other thread dependent design factors [3, 45, 9, 21, 12, 11] . A new screw design is usually compared with an existing predicate device. Where a theoretical approach has been used to design screws it is often based on engineering design principles for machine screws in conventional engineering materials. For example, Asnis' [3] well-cited work on cancellous screw design uses a formula that is taken directly from engineering texts for screws in isotropic continuous media [5] . This may be appropriate for very dense cancellous bone or cortical bone, but is less certain for low density or osteoporotic cancellous bone.
Therefore, whilst predicted screw pullout forces in cortical bone are in good agreement with those experimentally obtained, in cancellous bone there is less evidence that such an approach is justified.
The remaining alternative is to engage with the cancellous bone at a larger diameter. This can be done by either using a larger screw (though again this may not be possible in the clinical situation) or by increasing the effective diameter at which the screw engages with the bone. In this paper the term 'screw augmentation' is used to describe the addition of cement to the bone adjacent to the screw. Strictly speaking, it is the bone that is augmented and there is no change to the screw itself. Nevertheless, the common usage of the term screw augmentation appears already established [33, 32, 41] in cancellous bone and will be used here to describe configurations of screw and cement.
The interface between the screw and the surrounding cancellous bone can be modified using bone dilation, a technique that involves the impaction of a layer of healthy cancellous bone adjacent to the implant which then forms a denser matrix around the screw that is capable of transferring greater loads to the surrounding cancellous bone.
The effective engaged diameter is increased as a result. Another increasingly common method for improving screw fixation reported in recent years is the addition of a cement of some kind into a predrilled hole. However the optimal relationship between cement distribution and strength properties has hitherto only been explored in an empirical manner. Studies have investigated the use of PMMA [ 44, 32, 18, 6, 10, 20] while others have investigated the use of calcium phosphate cements [14, 29] or calcium sulphate cements [24, 22] and compared these bioresorbable/biodegradable cements to PMMA [22, 35] . Page 4 Many of the studies are based on in vitro tests. The ASTM standard for determination of screw pullout forces, ASTM F-543 [5] , specifies the use of closed pore synthetic cancellous bone. It is obvious however, that testing using such materials does not produce data appropriate to either the experimental configuration (where the penetration of cement into the pores is critical) or the clinical application, and pullout forces reported can be higher than expected.
In clinical practice it is not known how small an amount of injected cement per screw might be used to ensure screw augmentation, and what levels of confidence might apply to augmentation where minimal quantities are used. The technique has been used where there is poor bone quality primarily in spinal and traumatology applications [16, 26, 22, 44] . However, despite the apparent widespread clinical use, the practice of screw augmentation appears to be largely empirical and trial and error is most often used to establish the amount and the position of the cement.
The primary objective of this paper is to examine contact between screw and cancellous bone, but it is known that the interaction between cortical and cancellous bone is also important. A study [42] in a limited series of human cadaver tibiae examining screw pullout force, found that the holding power of a screw was affected not only by the quality of the underlying cancellous bone but also by the proximity of the screw to the overlying cortical shell. That work also concluded that the role of the overlying cortical shell was particularly significant for shell thicknesses over 1.5 mm. This is one of the few publications in which the key role of the cortical shell has been reported and whilst it seems obvious that this should be considered it has often been neglected in other experimental work presented in the literature. Surprisingly, little current literature contains any comprehensive FE models where both the screw and the trabecular micro-architecture are considered in contact, although there are many contributions where both components are treated in isolation [19, 22, 31] .
Recent presentations have shown promising initial results for models for load sharing between bone and implant using full 3-d cancellous bone representation (38,37), while others have focused on developing approximate methods for modelling the microarchitecture (15).
The present study uses a simplified FE model to systematically examine parameters. The FE method is well established (e.g. 25, 43, 17) and is often used, when validated, to give quantitative analyses. The use of the simplified model presented here does not have that Page 5 aim, but instead adopts a comparative approach to give an estimate of the relative importance of key parameters.
Materials and Methods

Finite Element Modelling
A 2-D axisymmetric finite element model with approximately 75,000 elements was developed using ANSYS [2] software. Two dimensional modelling was adopted in order to develop preliminary models of the problems with the intention of later migrating to a fully 3-dimensional model. The configuration used is shown in Figure 1 . Commonly cancellous architecture is assumed to act as a continuum, but in this work an approach that includes some effect of individual trabeculae is required.
The screw adopted as a "standard" in the model, and in subsequent pull-out tests and animal studies (described elsewhere) was a Stryker 4mm diameter cancellous bone screw (Stryker item No. 325044S). This choice was mainly determined because it was the largest screw practicable for use in subsequent lapine animal study tests, but further explanation is given below. The cancellous bone was modelled with square modules representing the individual trabecular cells. In most cases studied, the wall thickness was 0.1 mm and the standard cell size was set at 1.0 x 1.0 mm. The bone was assumed to be reamed to the mean of the inner and outer screw diameter before screw insertion.
Variants with a smaller (0.8 x 0.8 mm) cell size were also evaluated. Any cortical shell present was modelled as a continuous layer overlying the cancellous model and rigidly connected to it at points of contact. For the cortical shell, the screw was modelled as a single thread normally engaging midway through the cross-section, and the importance of this position parameter was examined as part of the study (Figure 1 ). The consequence of the 2-D model is that the full structure presents as a series of concentric tubes, lacking radial stiffeners, but also lacking radial perforations.
The bone properties were taken as bi-linear. For cortical bone the elastic modulus was 9.5
GPa while for cancellous the value was 1.1 GPa [13] . Corresponding yield stresses were taken as 90 MPa and 35 MPa. Poisson's ratio was 0.3 throughout [7] . The post-yield phase was assumed to have a modulus of 10% of the initial modulus. Where calcium phosphate cement is present the elastic modulus has been measured as 1.5 GPa [27] . Page 6 Radial penetration of the cement was modelled by filling some of the cells with a material that was again rigidly connected to any surrounding bone it contacted. This filling was implemented in the model so that radially either a complete cell or half cells could be filled (Figure 2) . Contacts between the screw and any bone or cement elements were modelled as frictional using surface to surface contact modelling with 0.5 as the coefficient of friction unless otherwise stated.
Loading was applied by enforcing displacement of the screw head out of the restrained bone; consequent reaction loads are then found. This is often a more appropriate strategy for models with significant non-linearity. Displacements of up to 1mm were applied in increments at the free end of the screw. This non-linearity of the material and the nonlinear behaviour of the contact model mean that failure is not easily defined. For the purposes of this study loads on models without a cortical shell are taken at a displacement of 0.5mm which, in most cases, represents load at which initial non-linearity is evidenced.
For models with a cortical shell, displacements are lower and loads are higher; where appropriate the associated displacement for given loads has been noted in the text.
Results
The finite element model enabled comparative examination of key parameters. First, it was expected that pullout strength would be dependent on embedded screw length and that there might be a linear function to relate screw length to force. This is shown in Figure   3 which examines pull-out strength for 3 lengths of 4 mm screw for both augmented and non-augmented systems, from which it is evident that a linear relationship exists for both the non-augmented and the augmented system. A second feature that was examined was cell size. Figure 4 shows the effect of using a smaller cell size; on the left of the figure the bone augmentation effect is shown for a 0.8 mm cell while on the right it is shown for a 1 mm cell. The same cross-section size of trabecular strut was maintained in both cases. The smaller cell size gives an advantage because there are more trabecular struts for the thread to engage with. In all cases studied, the use of even a small amount of augmentation material led to a noticeable increase in pull-out strength. The suggested mechanism for this strength increase is that the trabecular struts that engage with the screw are shorter and hence stiffer and stronger. Table 1 gives the pull-out forces for a range of cortical thickness. All the augmented screws included cement to half a cell away from the valley of the thread, but the same Page 7 trend is seen for other degrees of radial augmentation. The thickness of the cortical shell present is varied from 0.5 to 2.0 mm and the presence of even a thin cortical shell can make a large difference to the pull-out force.
The extent to which augmentation material spreads radially is also important. Figure 5 shows the pullout force for varying radial augmentation. Big strength gains can be obtained from augmenting out to two cells (in this case about one screw radius). This effectively doubles the shear area in this case, and hence the pullout force (although in practice such radial penetration of cement may be difficult to achieve). Even the effect of filling between the thread pitch of the screw, i.e. filling the valleys of the thread, seems to be effective in increasing pull-out force, and this is to some extent confirmed by other studies [30] that have investigated thread profile. This is supported by a more detailed consideration of the interface between screw and the individual trabeculae. Figure 6 shows the effect of changing the frictional characteristics at the screw surface. In Figure   6a the interface between screw and bone is fixed (i.e. does not allow movement or rotation) while in Figure 6b the interface is frictional. The case shown is for no cortical layer, and the consequential pull-out force for this example (20mm long screw) is increased by about 30% for the fixed condition; for cases where there is a cortical layer the effect is, of course, much reduced. This in turn indicates the importance of the interface condition, and suggests the potential importance of the cement adjacent to the screw. Any other variation of friction coefficient seems to have no effect unless the pullout force is very low (again associated with no cortical layer) and the friction coefficient is also very low.
Discussion
Finite element (FE) modelling was chosen as a means of evaluating the relative importance of the variables that affect screw pullout. Whilst this has been exhaustively done through empirical testing of screws in a variety of test materials (e.g. 11) the relationship between the main screw thread parameters has not been assessed for cancellous structures with an overlying cortical shell. One advantage of an FE model is that it enables the contributions of screw, bone, and cement properties to be varied and their effect on screw holding power to be more readily assessed than extensive physical testing would allow. However, it is not suggested that this is an absolute measure without validation.
The FE model demonstrates that selected parameters appeared to influence the pullout strength. In particular, length of screw engagement gives greater pull-out strength, Page 8 increased cell size (and by analogy greater osteoporosity) reduces pullout strength, and radial penetration of cement increases pullout strength considerably. It has also demonstrated the importance of the interface contact between bone and screw, and suggests the importance of even the smallest cement layer adjacent to the screw. This study has found that the most significant influence on augmentation was the presence (or removal) of the cortical shell. The FE model was able to examine the effect of connection between the cortical shell and the screw, and conclude that even if the screw is not connected directly to the shell, the stiffening effect of the overlying layer can be important to pull-out force especially if augmentation material is present (Figure 7 ). This outcome is consistent with the work of others [39] , and is of significance when dealing with methods of cement delivery and tests that follow because the delivery of cement to layers immediately underlying the cortical shell can be really effective in transferring load to the shell [41] . So as far as the cortex is concerned the adjacent cement increases its effective thickness and the contribution to pullout resistance. Any over-drilling of the cortical shell might significantly reduce the pull-out strength and this result is of importance to both clinical practice and in-vitro testing.
Conclusions
FE models have been used to examine the parametric variations in screw pullout. The key to the use of augmentation material is to increase the effective radius at which pull-out failure will occur. In the presence of a cortical shell that is not over-drilled, this effect can be very significant.
The beneficial effect of augmentation has been clearly demonstrated in all the results, and the comparative modelling has presented important insights into possible protocols and processes for in-vitro testing in real bone. In particular the importance of preserving a cortical shell in work involving real bone is emphasized. This may be clinically important where a technique involves either removal of a cortical shell (countersinking to reduce screw head protrusion) or weakening (over drilling to allow a lag effect between bone fragments). Table 1 Captions to Tables   Table 1 -Pull-out strengths (N) from FE models for different screw lengths and cortical bone thickness. Page 13 Captions to Figures 
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